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Thermal Management of Near-Infrared
Semiconductor Disk Lasers With AlGaAs Mirrors
and Lattice (Mis)Matched Active Regions
Sharon L. Vetter, Member, IEEE, and Stephane Calvez, Member, IEEE
Abstract— A detailed finite-element analysis of the thermal
characteristics of semiconductor disk lasers with AlGaAs mirrors
is presented. A comparison of the thermal resistance of devices
operating in the 1200–1600 nm wavelength range using either
lattice-matched GaAs-based active regions or lattice-mismatched
InP-based active regions is performed and reveals similar perfor-
mance. A variety of semiconductor chip design, mounting, and
pumping strategies are subsequently investigated to help define
guidelines for an effective thermal management of these devices.
As it could be anticipated, the results suggest that best thermal
performance is generally achieved when the heat extraction path
is minimized.
Index Terms— Finite-element analysis, semiconductor disk
lasers, surface emitting lasers, thermal model, thermal
resistance.
I. INTRODUCTION
SEMICONDUCTOR disk lasers (SDLs) also knownas Vertical-External-Cavity Surface-Emitting Lasers
(VECSELs) have been proven to be an attractive laser format
for the generation of (multi)-watt high-beam-quality output
from the ultra-violet to the mid-infrared [1]-[2]. Key to
their high power operation is their thermal management
which is achieved using either an intra-cavity heatspreader
(HS) or thinned devices (TD) mounted on highly conductive
sub-mounts [1]-[9]. Thermal analysis has shown that the
heatspreader approach is the most appropriate heat removal
approach when highly thermally resistive mirrors are used i.e.
for long (λ >1.1μm) or short (<900nm) wavelength emitting
SDLs [3]-[5].
However, recent progress afforded by metamorphic growth
[8], by growth with misfit dislocation planes [9] or by use
of wafer-bonding techniques [10]-[11] has facilitated the fab-
rication of long-wavelength SDLs with lower thermal resis-
tance AlGaAs mirrors. In turn, this has led to substantial
improvements in performance for devices thermally managed
using the heatspreader approach and emitting in particular
at ∼1.3μm [10]-[12] and 1.55μm [3],[11]. From a thermal
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perspective, these developments could also affect the thermal
management strategy to be used. Additionally, they offer wider
flexibility of design and device pumping geometry which also
impacts the thermal properties of the considered gain elements
[13]-[14]. The evaluation of the influence of these novel
developments on the thermal characteristics of near infrared
semiconductor disk lasers exploiting AlGaAs mirrors is thus
desirable and forms the object of this paper. More specifically,
the paper is organised as follows: after a brief description of
the model in use and a summary of the characteristics of HS-
managed SDLs, a comparison of devices with lattice-matched
and lattice-mismatched active regions is performed followed
by studies on the effects of the emission wavelength, the active
region design and the pumping arrangement.
II. THERMAL MODEL DESCRIPTION
A. Model
The semiconductor structure of SDLs contains typically 70
layers that can be reduced from a functional but also thermal
point of view to a simplified layout consisting of a mirror
which reflects the signal wavelength, a gain section where the
pump photons are usefully absorbed and converted into signal
photons and a confinement window introduced to prevent
the generated carriers from recombining non-radiatively at
the gain-capping semiconductor surface. Fig. 1 presents four
mounting strategies to thermally manage SDLs. They are:
(a) the heatspreader configuration which exploits a trans-
parent and highly thermally conductive platelet, referred as
heatspreader, that is bonded to the as-grown semiconductor
structure on its substrate.
(b) the thin-device approach where the semiconductor struc-
ture is bonded to a highly thermally conductive sub-mount and
the necessary growth substrate removed.
(c) the via-hole configuration which is a variation on the
heatspreader approach that allows pumping of the structure
through its mirror (referred as back-pumping) by selective
removal of a part of the (pump-absorptive) substrate.
(d) the (diamond) sandwich scheme which is a combination
of both heatspreader and thin-device approaches to offer the
ultimate cooling strategy. This embodiment has yet to be
realized practically but would start from a thin device to which
a heatspreader would be added. The difficulty lies in obtaining
a sufficiently flat and smooth surface after sub-mount soldering
and substrate removal.
0018–9197/$26.00 © 2011 IEEE
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Fig. 1. SDL chip configurations under study (a) heatspreader (HS),
(b) thin-disk (TD), (c) via-hole, and (d) sandwich. The arrows show possible
pumping directions (front and back pumping).
It is worth noting at this stage that the practical realisation
of many of these configurations exploits liquid-capillarity
bonding [15], which leads to (adhesive-free transparent) bonds
on atomic scales [16]. Furthermore, when appropriately sealed,
these bonds are compatible with further post-processing steps
such as those involved in the fabrication of the SDL direct TD
[13] and via-hole [14] configurations.
From a thermal modeling point of view, each compos-
ite semiconductor section is characterised by its radial and
longitudinal conductivities, κr and κ z respectively, that are
given by:
κr =
∑
i
κi ti
/
∑
i
ti (1)
κz =
∑
i
ti
/
∑
i
ti
κi
(2)
where κ i is the thermal conductivity of the ith layer and ti its
thickness.
To analyse the thermal properties of the mounted semi-
conductor chips, we follow the approach described in [3-4]
and solve numerically, using the commercial finite-element
analysis software package COMSOL Multiphysics, the heat
conduction equation:
−∇ · (κ ∇T ) = Q (3)
where κ is the thermal conductivity, T the temperature and Q
the total thermal loading density.
To reduce the number of calculation points, all the models
assume that the chip and pumping present cylindrical sym-
metry. The pump-induced heat load in the active region for a
device pumped from the top (referred as front-pumped device-
see Fig. 1) is, for z values between –zc and -zc-za, given by:
Qa(r, z) =
2 ηP αp
πω
2
p
exp
(
−2r2
ω
2
p
)
exp
(
−αp,wzc
)
·
(
exp
(
−αp(−z − zc)
)
+ R exp
(
αp(−z − zc − 2 · za)
))
(4)
where P is the pump power entering in the confinement
window, ωp is the pump beam radius, αp , α p,w are the
pump absorption coefficients in the active region and window
layer respectively, zc and za are respectively the thickness
of the confinement window and the active region and R is
the pump reflectivity of the mirror at the pump wavelength
(taken to be 0 for single-pass pumping and 1 in double-
pass configurations). A similar expression is used for the heat
load in the confinement window and mirror sections when
they are absorptive at the pump wavelength. The coefficient
η represents the fraction of absorbed pump power converted
into heat. It is assumed to be one in the mirror and substrate
sections. In the active region and confinement window, η is
taken to be 1-λpηi/λs, where λp and λs are the pump and
emission wavelength respectively and ηi is the device internal
efficiency (=0.75 as for state-of-the-art SDLs [17] and in this
work).
The results are presented in terms of thermal resistance,
defined as the average temperature rise induced by the
absorbed power i.e.:
Rth =
∫∫∫
Vp
(T − T0) · P(r, z)dV
η
[
∫∫∫
Vp
P(r, z)dV
]2 (5)
where Vp is the pumped volume.
In the calculations, we assume that the temperature is held
constant at T0 at the outer surfaces of the diamond sub-mount
(TD configurations) or at the outer surfaces of the solder
layers. For HS-based configurations (see Fig. 1 a and c), these
boundary conditions are consistent with the use of sub-mounts
made of materials which possess a thermal conductivity much
greater than the considered GaAs substrate such as copper or
AlN. For the TD and sandwich embodiments, the assumed set
temperatures could be met in practice by direct impingement
cooling of the diamond sub-mount backside, a technique which
has been used in doped-dielectric thin-disk lasers [18] but
has yet to be deployed in SDLs. For the HS, via-hole and
sandwich configurations, the solder is assumed to be a 125μm-
thick indium foil (with thermal conductivity of ∼82W/Km),
in agreement with experimental practice [1]-[2];[4]-[7]. For
the TD scenarios, the chips are assumed to be bonded to
the diamond sub-mount by liquid capillarity [13]-[14] for the
direct TD devices whilst a 3μm AuSn layer with a thermal
conductivity of ∼ 57.5W/Km is taken to ensure the attachment
in the soldered TD devices [8]. In all cases, the interfaces
are taken to be perfectly thermally conductive. Deviations
from this ideal scenario are most likely to occur at the chip-
to-heatspreader interface or at the solder layer boundaries
and would lead to a deterioration of the thermal resistance
as illustrated in particular in [4]-[5]. Finally, unless stated
otherwise, the chips are considered to be 2mm in radius, with
a 250μm-thick heatspreader, a 350μm substrate or diamond
sub-mount. The top annulus of solder has an inner radius of
1.25mm and outer radius of 2mm.
We note that the accuracy of this model has already been
confirmed experimentally by spectral shift analysis [7],[19]
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Fig. 2. Dependence of the absorption coefficient at a pump wavelength of
808 nm and of the thermal conductivity as a function of AlInGaAs (dashed
lines) or InGaAsP (solid lines) barrier material bandgap. The compositions
correspond to alloys lattice-matched to InP. The displayed thermal conductiv-
ity of AlInGaAs is multiplied by 10 for enhanced visibility.
and spatially resolved thermo-reflectance technique [20] for
the two main mounting techniques (HS and TD) and therefore
no further validation is included in this work.
B. Material Parameters
The compositional dependence of the bandgap and the ther-
mal conductivity for AlGaAs, InGaAsP, AlInGaAs materials
are taken from reference [21].
The pump absorption coefficient at a wavelength of 808nm
for lattice-matched AlInGaAs and InGaAsP on InP was calcu-
lated using experimentally confirmed models [22]-[23]. Fig. 2
summarises the material parameters used for the simulations of
the devices based on lattice-mismatched (InP) active regions.
III. RESULTS AND DISCUSSION
A. General Considerations Regarding Heatspreader-Managed
SDLs
We begin this study by reviewing the reported key thermal
properties of HS-bonded devices. We also take this oppor-
tunity to point out further distinctive and practically-relevant
characteristics of this thermal management technique.
Since the introduction of the concept [24] and because
approximate analytical solutions are not readily available as
for TD configurations [25], HS devices have been the object
of a number of numerical and experimental investigations [1],
[4]-[7],[19],[26] which have ascertained the following:
(a) The heat extraction is most effectively achieved by
selecting the heatspreader material to offer the highest ther-
mal conductivity (i.e. diamond) and using thin and highly
thermally conductive confinement window layers to avoid
impeding the transfer of the heat flow towards the heatspreader.
(b) The method is most effective for SDLs with high thermal
resistance mirrors and constitutes an enabling technique to
achieve (multi)-Watt output powers at emission wavelengths
ranging from 670 to 2700nm [1-2].
c) The induced temperature spatial distribution extends
laterally over a few (typically 2) times the pump spot size
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Fig. 3. Heatspreader-thickness dependence of the thermal resistance of a
1220 nm GaInNAs SDL for a set of pump spot radii. Data normalized to
a 5-mm-thick heatspreader configuration, which is approximate the behavior
of a semi-infinite heatspreader for the considered range of pump radii. Inset:
Heatspreader thickness required to establish unconstrained heat removal from
the SDL chip as a function of pump radius. The diamonds are calculated
points and the fitted curve obtained from (6).
and peaks longitudinally at a location close to the boundary
between the active region and the mirror [4],[20].
(d) This thermal management technique is not power scal-
able i.e. the thermal resistance does not present a 1/ω2p depen-
dence or equivalently the temperature does not stay constant
under constant pump power density and varying pump spot
size. This essentially stems from the 3-dimensional nature of
the heat flow that is inherently associated with this cooling
strategy [1],[6],[17], irrespective of the chosen pump profile.
(e) The thermal lensing effect is negligible for SDLs with
((multi)-centimeter)-long air cavities with bulk optics but
becomes a key parameter in the definition of the lateral mode
content of microchip SDLs for which the outer surface of the
heatspreader is mirror coated to serve as the output coupling
mirror [26].
In the remainder of this section, two additional features
of practical interest associated with this SDL configuration
are presented. For this, we consider GaInNAs-based SDLs
pumped at a wavelength of 808nm and emitting at 1220nm
whose layouts are similar to [27] i.e. consist of a 3λ/4
confinement window, an 8.5λ/2 GaAs active region and a
25.5-pair AlAs/GaAs mirror. In a first instance, we investigate
the influence of the heatspreader thickness on the SDL ther-
mal performance. Fig. 3 shows that, for practically relevant
pump sizes, the thermal resistance dramatically increases as
the heatspreader thickness reduces with a more pronounced
dependence for large pump sizes. For the considered range
of pump sizes, diamond heatspreaders of thickness greater
than 700μm can be shown to establish a heat distribution
essentially identical to the unconstrained case resulting from
the use of a semi-infinite diamond mount (simulated here as
a 5mm-thick heatspreader). To quantify this further, we define
the critical heatspreader thickness, tH S,c, as the thickness for
which the thermal resistance is 5% higher than that of the
unconstrained configuration. As shown in the inset of Fig. 3,
this parameter increases sub-linearly with pump spot size, and
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Fig. 4. Influence of the heatspreader thickness and contact on the power-
scalability of a 1220 nm GaInNAs SDL. The points are calculated for
configurations with a contact that has either a fixed inner radius of 1.25 mm
or a variable inner radius taken to be three times the pump radius (the limit
radius to avoid beam clipping).
can be accurately fitted using the following expression:
tH S,c(ωp) = t∞ · exp
[
−ωp
/
ωp,H S
] (6)
where t
∞
= 659.3μm and ωp,H S =119.5μm.
Because of cost, polishing and compactness constraints,
the thickness of the diamond platelets used as heatspreaders
usually ranges between 250 and 500μm, resulting in uncon-
strained 3-dimensional heat dissipation in the heatspreader for
pump radii up to 57 and 170μm respectively. For greater pump
sizes, the lateral component of the heat flow increases and
the temperature spatial distribution spreads further laterally.
Consequently, the thermal resistance and thermal lens-induced
aberrations are exacerbated and the power scalability is further
impaired as illustrated in Fig. 4.
Next, we assess the importance of the boundary conditions
at top annulus and substrate solder on the thermal perfor-
mance of the above-described 1220nm SDL. As highlighted
in Table 1, the thermal resistance of the device does not vary
by more than 8% independently of the selected heat extraction
path. This emphasises that the critical aspect of the HS-based
thermal management technique is the assembly between the
semiconductor chip and the heatspreader and the resulting
three dimensional spreading of the heat. Subsequently, the
influence of the inner radius of the top contact was evaluated.
As shown in Fig. 4, this modification of the contact geometry
has marginal impact on the thermal resistance, an observation
in line with the previous comments.
B. Thermal Management of SDLs With GaAs or InP-Based
Active Region and AlGaAs Mirrors
We continue our study by evaluating the thermal resistance
for both lattice-matched (GaIn(N)As) and lattice-mismatched
(InP-based) SDLs with emission wavelength ranging from
980 to 1600nm. The lattice-matched devices are wavelength-
scaled versions of the GaInNAs SDL described in the previous
section. The lattice-mismatched devices consist of a λ/4
AlInAs confinement window, a 5λ/2 InP active region and
25.5-pair AlAs/GaAs mirror, a layout similar to the one
reported in [10]. In all cases, the devices are assumed to be
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Fig. 5. Calculated average thermal resistance for SDLs with AlGaAs
mirrors and lattice-matched (LM – GaInNAs) or lattice-mismatched (LMM -
InP) active regions. The devices are either cooled using the heatspreader
(HS) technique or mounted directly (by liquid capillarity) or via a AuSn
solder as thin devices on diamond sub-mounts (direct TD and soldered TD,
respectively). The pump spot radius is chosen to be 50 μm.
TABLE I
INFLUENCE OF THE COOLING GEOMETRY ON THE
PERFORMANCE OF A HEATSPREADER-BONDED 1220 nm
Sdl PUMPED AT 808 nm WITH A 50 mm-RADIUS SPOT
Configurations Boundary Conditions Thermal Resistance
Top Bottom (K/W)
Top Only T0 Insulating 6.6
Bottom Only Insulating T0 7.0
Top+Bottom T0 T0 6.5
pumped at 808nm. In the first instance, all boundaries includ-
ing the wafer-fused interfaces are assumed to be perfectly
thermally conductive. Fig. 5 shows that as the SDL emission
wavelength increases, the device thermal resistance linearly
increases (as expected from the linear increase in the thickness
of the confinement window and DBR). It also reveals that
devices with lattice-mismatched active regions are thermally
on a par with their lattice-matched counterparts when ideal
interfaces between the InP and GaAs sections are achieved.
C. Selection of a Thermal Management Strategy
From previous work [1;3-7], it is known that the pump
spot size has a significant influence on whether the HS or
the TD approach is the most effective at heat extraction.
In fact, if neither thermal management technique is truly
(spot-size) power scalable [1],[17],[19], the TD configuration
is more akin to become so as the heat extraction path is
inherently established to be nearly 1-dimensional especially
when pumps with top-hat distribution are used [28]. Fig. 6
demonstrates that, even for long-wavelength emitters (here
a 1550nm InP-based active device), the TD approach can
offer better performance if the pump spot size is greater than
∼215μm for a direct TD device (and ∼300μm for a soldered
TD chip). This is in sharp contrast with previous findings
[3-6] and is entirely attributed to the lower thermal resistance
of AlAs/GaAs mirrors compared to either AlInGaAs/InP or
AlAsSb/GaSb mirrors.
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The pump spot size at which the cross-over between HS
and TD approaches occurs was then studied as a function of
wavelength for lattice-(mis)matched active regions. We find
that, no matter what the active region barrier material is, the
crossover pump dimension increases approximately linearly
with increasing wavelength of operation (see Fig. 7). This is
in agreement with the observation that the increase in thermal
resistance induced by wavelength-scaling the DBR is more
important than the impedance rise resulting from the increased
confinement window thickness.
So far, the boundary between the AlGaAs mirror and the
(lattice-mismatched) gain section has been assumed to be
perfectly thermally conductive. Should this boundary be non-
ideal, a thermally insulating layer would sit between the DBR
and the active region. The effect of such a layer on the
equivalent lateral and vertical thermal conductivities of the
compromised DBR is evaluated in Fig. 8. It reveals that, as
expected, the presence of an insulating layer is more detri-
mental to the longitudinal thermal conductivity than its radial
counterpart. It also shows that unless the thermal conductivity
of this layer is lower than ∼2W/Km, the mirror thermal resis-
tance is essentially unaffected suggesting that only significant
bond/growth failures would deteriorate performance.
D. Thermal Resistance and Active Region Design
Having justified the (thermal) viability of devices with
lattice-mismatched gain and mirror sections in the previous
section, the next step was to optimize the gain section design
to offer simultaneously efficient pump absorption and minimal
thermal resistance.
We thus evaluated the thermal resistance of 1300nm SDLs
for various composition of the barrier material, assuming a
95% single-pass absorption of a 808nm pump or equivalently
a 5% residual absorption (in the mirror and substrate). Fig. 9
shows that for a barrier material with approximately constant
thermal conductivity as a function of bandgap energy such
as AlInGaAs (see Fig. 2), the smaller the barrier bandgap,
the better. This can be easily understood as this situation
represents a reduction in heat extraction path length since,
as the bandgap of the barrier material reduces, the absorption
coefficient at the fixed pump wavelength of 808nm increases,
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and the active region length for 95% single-pass absorption
reduces. However, this design guideline, which can lead to a
thermal resistance improvement of 20%, would need to be
carefully considered as it also means using shallow quan-
tum wells for which the thermal carrier escape rate would
be enhanced with thermally-induced performance degradation
likely. An alternative structure design could still use a lattice-
mismatched active region (with respect to the AlGaAs mirror)
but select InGaAsP alloys instead of AlInGaAs compounds.
In this case, the optimization of the device active region for
low thermal resistance is slightly more complex, as InGaAsP
exhibits a significant variation of thermal conductivity (see
Fig. 2) with composition. A compromise between short active
region and high thermal conductivity must be struck and is
achieved for barrier compositions very close to its binary
composition (InP - see Fig. 9).
As suggested above, the use of semiconductor layouts which
offer short heat extraction distances is desirable. It is therefore
of interest to study not only barrier-pumped single-pass-
absorption designs but also double-pass configurations. Here,
we specifically evaluate the thermal resistance of 1300nm-
emitting GaIn(N)As SDLs that are pumped at 808nm. For the
double-pass embodiment, the mirror needs to be modified to
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TABLE II
THERMAL RESISTANCES OF SDLS EMITTING AT 1300 nm THAT ARE BARRIER-PUMPED AT 808 nm WITH A SINGLE OR A
DOUBLE-PASS CONFIGURATION. CALCULATIONS PERFORMED FOR wp = 50 μm AND DEVICES THERMALLY
MANAGED USING DIAMOND HEATSPREADER-MOUNTING OR DIRECTLY-BONDED TO A DIAMOND-SUBMOUNT.
THE DBM ARE EITHER ALL SEMICONDUCTOR MIRRORS OR HYBRID SEMICONDUCTOR/METAL MIRRORS
Thermal resistance (K/W)
Heatspreader Direct Thin Device
Semiconductor Semiconductor Hybrid
Barrier Single-pass Double-pass Single-pass Double-pass Double-pass
GaAs 6.6 6.6 14.3 40.0 19.2
Inp 5.6 5.7 14.3 34.5 18.9
AlInAs 6.4 5.9 36.6 49.1 27.9
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Fig. 9. Dependence of the average thermal resistance on the active region
length used for active region of 1300-nm semiconductor disk lasers with
AlGaAs mirrors. The devices are assumed to be pumped with a spot radius of
50 μm and cooled by the heatspreader technique (HS) or as directly bonded
thin disk chips (TD). The active region is defined to offer 95% single-pass
absorption at a pump wavelength of 808 nm. The AlInGaAs (InGaAsP) results
are normalized to the calculated resistance of the device with AlInAs (InP
respectively) barrier.
offer high reflectivity at both pump and signal wavelengths.
The selected mirror design consists of 12 repeats of (AlAs
80nm / Al0.2Ga0.8As 90nm / AlAs 140nm / Al0.2Ga0.8As
90nm / AlAs 80nm / Al0.2Ga0.8As 160nm) identified to offer
an appropriate reflectivity curve when pumping at 45° inci-
dence as illustrated in Fig. 10. It was chosen for its repetitive
nature, facilitating growth calibration and monitoring, since
simpler dual-band mirror structures [29] do not work for this
specific pump/signal wavelength combination.
For the above-described mirror and active region whose
thickness is half that of the single-pass scenario, Table 2
shows that any improvement is marginal at best when the
device is thermally managed with the heatspreader technique.
Indeed, the modeling predicts that double-pass pumping will
lead to a higher thermal resistance than single-pass pumping
when using thin-device cooling. This is a direct consequence
of the thicker and more thermally insulating nature of the
studied double-band mirror. This indicates that the double-
pass configuration is less attractive – both from a thermal
management and a growth perspective due to the additional
complexity of the double-band mirror.
For the TD configuration, a less thermally resistive alter-
native to the all-semiconductor DBM mirror proposed above
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Fig. 10. Calculated reflectivity response of a double-band mirror designed
for a surface normal operation at the signal wavelength of 1300 nm and 45°-
incidence pumping at 808 nm.
exists: hybrid metal semiconductor mirrors [8],[30]. We study
the effect of using a 15-pair Al0.2Ga0.8As 96.5nm/AlAs
111.1nm followed by a 1μm-thick gold layer, which provides
R>99.9% at 1300nm, R=95% at 808nm and ∼2.5% pump
residual absorption with a 911 103cm−1 decay coefficient
inside the gold layer (κgold = 318W/Km). Here again, as
indicated in Table 2, calculations suggest that the double-band
mirror approach is only interesting if the devices present a
low thermal conductivity active region i.e. for AlInGaAs-based
structures.
Since single-pass absorption configurations are often the
most practical and since the selection process for the active
region composition has already been described, the last opti-
mization step consists in choosing the SDL active region
thickness or equivalently the amount of residual pump absorp-
tion (taking place in the mirror and substrate) for best ther-
mal performance. We illustrate this procedure for 1300nm-
emitting GaInNAs SDLs with 3λ/4 confinement window,
a GaAs active region and a 25.5-pair AlAs/GaAs mirror
pumped at 808nm. The selected active region length is a
trade-off between reducing the heat load (long length) and
minimising the thermal resistance (short length), keeping in
mind that devices with short active regions are favoured
because of growth (time, control) constraints. Fig. 11 shows
the results for both HS and TD-managed devices. In the TD
case, as the active region length increases, it reduces the
overall heat load but also impedes heat extraction, therefore
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Fig. 11. Calculated average temperature rise and thermal resistance for
1300 nm GaInNAs SDLs that are pumped at 808 nm with 10 W of incident
power. HS-cooled (solid lines) devices are pumped with a 50 μm-radius spot
whilst the TD (dashed lines) devices are pumped with a 75 μm-radius spot.
an optimum (average) temperature rise exists corresponding
to an optimum active region of ∼1.5μm (residual absorbed
pump power of ∼15%). In the HS scenario, heat extraction
essentially occurs by heatspreading in the diamond, there-
fore increasing the active region length is less critical and
devices with more complete single-pass pump depletion such
as devices with 3μm-long active regions would be prefer-
able.
E. Pumping Geometry
The last topic of interest when dealing with heat man-
agement of SDLs is the choice of the pumping geometry.
As mentioned previously, several practical embodiments have
been demonstrated including schemes that allow pumping
from the back of the structure [13-14]. In this last section,
we evaluate the thermal implications of such mounting for
devices based on lattice-matched active regions with emission
at ∼1060nm. Fig. 9 shows that the pump direction has an
influence on the resulting thermal extraction efficacy. Indeed,
the best performance is obtained when the heat extraction
path is minimized i.e. for front-pumped geometries (where
the pump is incident on the confinement window side) when
heatspreaders are used (HS and sandwich configurations), and
back-pumped systems for thin-device type of heat manage-
ment. Further, the double-side diamond bonding (referred as
sandwich) shows an improved heat extraction by a factor of
∼1.5 over a heatspreader-mounted device, despite the fact
that the mirror acts as a thermal barrier and diminishes the
effectiveness of the heat extraction of the diamond sub-mount
compared to the heatspreader. Fig. 12 corroborates results
shown above, in which the thin-device approach offers better
performance at larger spot sizes compared to heatspreader-
bonded devices when both devices are front-pumped. It also
shows that back-pumped thin-devices and heatspreader-cooled
via-hole configurations present nearly identical thermal char-
acteristics in agreement with the experimental results reported
in [13]. In these calculations, the via-hole configuration is
taken to have a GaAs substrate annulus with an inner diameter
of 1.25mm. As for the top contact on the heatspreader, the
influence of inner annulus diameter of the via-hole can be
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Fig. 12. Thermal resistance calculation for 1060-nm-emitting semiconductor
disk lasers with AlAs/AlGaAs mirrors mounted according to the schematic
configurations of Fig. 1 and that are either front or back-pumped (FP and BP,
respectively).
shown to be negligible as this configuration can be viewed as
a sub-class of HS-managed devices.
IV. CONCLUSION
In conclusion, we have evaluated numerically the thermal
characteristics of near infrared semiconductor disk lasers
(SDLs) which incorporate AlGaAs mirrors. The study has
highlighted that, for 1200-1600nm operation, devices based on
lattice-matched (GaAs-based) or lattice-mismatched (wafer-
fused or metamorphically-grown InP-based) active regions are
on a par from a thermal point of view. Contrary to situations
where the mirror is highly thermally resistive, long wavelength
SDLs with AlGaAs mirrors can be efficiently cooled using
the thin-device mounting technique for large pump spot sizes
(>∼250μm radius). However, the pump spot size at which this
thermal management strategy becomes advantageous over its
heatspreader counterpart also increases with emission wave-
length and suggests a practical limit. Further, the ability to
devise SDLs with gain regions that are made of lattice-
mismatched materials with respect to their mirror means that
many more designs can be used to achieve operation at a given
emission wavelength. Part of this study thus aimed to reduce
the number of potential designs by selecting active regions
which are conducive to SDLs with low chip thermal resistance.
This optimisation for devices that are single-pass pumped in
the barrier are shown to be a trade-off between chips with
a short active region and either a low thermal conductivity
or a low carrier confinement. Alternatively, the adoption of a
multi-pass pumping scheme is revealed to be beneficial only
when the associated double-band mirror possesses sufficiently
low thermal resistance. Finally, the use of a back-pumping
geometry was found to generally lead to a small increase in
the semiconductor chip thermal resistance. This disadvantage
should be weighted against its simplified pump delivery and
easier mode-matching condition.
ACKNOWLEDGMENT
The authors would like to thank A. J. Kemp for his valuable
technical comments and help in improving this paper.
352 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 48, NO. 3, MARCH 2012
REFERENCES
[1] S. Calvez, J. E. Hastie, M. Guina, O. Okhotnikov, and M. D. Dawson,
“Semiconductor disk lasers for the generation of visible and ultraviolet
radiation,” Laser Photon. Rev., vol. 3, no. 5, pp. 407–434, Jan. 2009.
[2] N. Schulz, J.-M. Hopkins, M. Rattunde, D. Burns, and J. Wagner, “High
brightness long-wavelength semiconductor disk lasers,” Laser Photon.
Rev., vol. 2, no. 3, pp. 160–181, Apr. 2008.
[3] H. Lindberg, M. Strassner, E. Gerster, J. Bengtsson, and A. Larsson,
“Thermal management of optically pumped long-wavelength InP-based
semiconductor disk lasers,” IEEE J. Sel. Topics Quantum Electron.,
vol. 11, no. 5, pp. 1126–1134, Oct. 2005.
[4] A. J. Kemp, G. J. Valentine, J.-M. Hopkins, J. E. Hastie, S. A. Smith,
S. Calvez, M. D. Dawson, and D. Burns, “Thermal management in
vertical-external-cavity surface-emitting lasers: Finite-element analysis
of a heatspreader approach,” J. Quantum Electron., vol. 41, no. 2, pp.
148–155, Feb. 2005.
[5] A. J. Kemp, J.-M. Hopkins, A. J. MacLean, N. Schulz, M. Rattunde, J.
Wagner, D. Burns, “Thermal management in 2.3-μm semiconductor disk
lasers: A finite element analysis,” IEEE J. Quantum Electron., vol. 44,
no. 2, pp. 125–135, Feb. 2008.
[6] A. J. Maclean, R. B. Birch, P. W. Roth, A. J. Kemp, and D. Burns,
“Limits on efficiency and power scaling in semiconductor disk lasers
with diamond heatspreaders,” J. Opt. Soc. Amer. B, vol. 26, no. 12, pp.
2228–2236, Dec. 2009.
[7] S. Giet, A. J. Kemp, D. Burns, S. Calvez, M. D. Dawson, S. Suo-
malainen, A. Harkonen, M. Guina, O. Okhotnikov, and M. Pessa,
“Comparison of thermal management techniques for semiconductor
disk lasers,” Proc. SPIE, vol. 6871, pp. 687116-1–687116-10, Jan.
2008.
[8] J.-P. Tourrenc, S. Bouchoule, A. Khadour, J.-C. Harmand, A. Miard,
J. Decobert, N. Lagay, X. Lafosse, I. Sagnes, and L. Leroy, “Thermal
optimization of 1.55 μm OP-VECSEL with hybrid metal–metamorphic
mirror for single-mode high power operation,” Opt. Quantum Electron.,
vol. 40, nos. 2–4, pp. 155–165, 2008.
[9] T.J. Rotter, J. Tatebayashi, P. Senanayake, G. Balakrishnan, M. Rattunde,
J. Wagner, J. Hader, J. V. Moloney, S. W. Koch, L. R. Dawson, and D.
L. Huffaker, “Continuous-wave, room-temperature operation of 2-μm
Sb-based optically-pumped vertical-external-cavity surface-emitting
laser monolithically grown on GaAs substrates,” Appl. Phys. Exp., vol. 2,
pp. 112102-1–112102-3, Nov. 2009.
[10] J. Lyytikainen, J. Rautiainen, L. Toikkanen, A. Sirbu, A. Mereuta, A.
Caliman, E. Kapon, and O. G. Okhotnikov, “1.3-μm optically-pumped
semiconductor disk laser by wafer fusion,” Opt. Exp., vol. 17, no. 11,
pp. 9047–9052, May 2009.
[11] J. Rautiainen, J. Lyytikainen, A. Sirbu, A. Mereuta, A. Caliman,
E. Kapon, and O. G. Okhotnikov, “2.6 W optically-pumped semicon-
ductor disk laser operating at 1.57-μm using wafer fusion,” Opt. Exp.,
vol. 16, no. 26, pp. 21881–21886, Dec. 2008.
[12] J.-M. Hopkins, S. A. Smith, C. W. Jeon, H. D. Sun, D. Burns, S. Calvez,
M. D. Dawson, T. Jouhti, and M. Pessa, “0.6 W CW GaInNAs vertical
external-cavity surface emitting laser operating at 1.32 μm,” Electron.
Lett., vol. 40, no. 1, pp. 30–31, Jan. 2004.
[13] J. H. Lee, J. Y. Kim, S. M. Lee, J. R. Yoo, K. S. Kim, S. H. Cho, S. J.
Lim, G. B. Kim, S. M. Hwang, T. Kim, and Y. J. Park, “9.1-W high-
efficient continuous-wave end-pumped vertical-external-cavity surface-
emitting semiconductor laser,” IEEE Photon. Technol. Lett., vol. 18,
no. 20, pp. 2117–2119, Oct. 2006.
[14] J.-Y. Kim, J. Lee, G. B. Kim, S. Cho, J. Yoo, K.-S. Kim, S.-J. Lim,
S.-M. Lee, T. Kim, and Y. Park, “Effect of heat spreader location on
lasing properties of end-pumped vertical-external-cavity surface-emitting
lasers,” Jpn. J. Appl. Phys., vol. 46, no. 8A, pp. 5157–5159, Aug.
2007.
[15] Z. L. Liau, “Semiconductor wafer bonding via liquid capillarity,” Appl.
Phys. Lett., vol. 77, no. 5, pp. 651–653, Jul. 2000.
[16] Z. L. Liau and A. A. Liau, “Nanometer air gaps in semiconductor
wafer bonding,” Appl. Phys. Lett., vol. 78, no. 23, pp. 3726–3728, Jun.
2001.
[17] S. Calvez, J. E. Hastie, A. J. Kemp, N. Laurand, and M. D. Dawson,
“Thermal management, structure design, and integration considerations
for VECSELs,” in Semiconductor Disk Lasers, O. G. Okhotnikov, Ed.
New York: Wiley, 2010, ch. 2, pp. 73–117.
[18] A. Giesen and J. Speiser, “Fifteen years of work on thin-disk lasers:
Results and scaling laws,” IEEE J. Sel. Topics Quantum Electron.,
vol. 13, no. 3, pp. 598–609, May 2007.
[19] A. Chernikov, J. Hermann, M. Scheller, M. Koch, B. Kunert, W. Stolz,
S. Chatterjee, S. W. Koch, T. L. Wang, Y. Kaneda, J. M. Yarborough, J.
Hader, and J. V. Moloney, “Influence of the spatial pump distribution on
the performance of high power vertical-external-cavity surface-emitting
lasers,” Appl. Phys. Lett., vol. 97, no. 19, pp. 191110-1–191110-3, Nov.
2010.
[20] K. Pierscinski, D. Pierscinska, M. Bugajski, C. Manz, and M. Rattunde,
“Investigation of thermal management in optically pumped, antimonide
VECSELs,” Microelectron. J., vol. 40, no. 3, pp. 558–561, Mar. 2009.
[21] M. Guden and J. Piprek, “Materials parameters of quaternary III–V
semiconductors for multilayer mirrors at 1.55 μm wavelength,” Modell.
Simul. Mater. Sci. Eng., vol. 4, pp. 349–357, Apr. 1996.
[22] S. Adachi, “Optical dispersion relations for GaP, GaAs, GaSb, InP, InAs,
InSb, Alx Ga1−x As, and In1−x Gax AsyP1−y ,” J. Appl. Phys., vol. 66,
no. 12, pp. 6030–6040, Dec. 1989.
[23] M. Linnik and A. Christou, “Calculations of optical properties for
quaternary III–V semiconductor alloys in the transparent region and
above (0.2–4.0 eV),” Phys. B, vol. 318, nos. 2–3, pp. 140–161, 2002.
[24] W. J. Alford, T. D. Raymond, and A. A. Allerman, “High power and
good beam quality at 980 nm from a vertical external-cavity surface-
emitting laser,” J. Opt. Soc. Amer. B, vol. 19, no. 4, pp. 663–666, Apr.
2002.
[25] A. C. Tropper and S. Hoogland, “Extended cavity surface-emitting
semiconductor lasers,” Progr. Quantum Electron., vol. 30, pp. 1–43, Jan.
2006.
[26] A. J. Kemp, A. J. Maclean, J. E. Hastie, S. A. Smith, J.-M. Hopkins,
S. Calvez, G. J. Valentine, M. D. Dawson, and D. Burns, “Thermal
lensing, thermal management and transverse mode control in microchip
VECSELs,” Appl. Phys. B, vol. 83, no. 2, pp. 189–194, Mar. 2006.
[27] M. Guina, T. Leinonen, A. Harkonen, and M. Pessa, “High-power disk
lasers based on dilute nitride heterostructures,” New J. Phys., vol. 11, p.
125019, Dec. 2009.
[28] A. Chernikov, J. Hermann, M. Koch, B. Kunert, W. Stolz, S. Chatterjee,
S. W. Koch, T.-L. Wang, Y. Kaneda, J. M. Yarborough, J. Hader, and J.
V. Moloney, “Heat management in high-power vertical-external-cavity
surface-emitting lasers,” IEEE J. Sel. Topics Quantum Electron., vol. 17,
no. 6, pp. 1772–1778, Nov.–Dec. 2011.
[29] S. Calvez, D. Burns, and M. D. Dawson, “Optimization of an optically
pumped 1.3-μm GaInNAs vertical-cavity surface-emitting laser,” IEEE
Photon. Technol. Lett., vol. 14, no. 2, pp. 131–133, Feb. 2002.
[30] J. Hader, T.-L. Wang, J. M. Yarborough, C. A. Dineen, Y. Kaneda, J. V.
Moloney, B. Kunert, W. Stolz, and S. W. Koch, “VECSEL optimisation
using microscopic many-body physics,” IEEE J. Sel. Topics Quantum
Electron., vol. 17, no. 6, pp. 1753–1762, Nov. 2011.
Sharon L. Vetter (M’99) received the B.E. degree in electronic engineering
with optoelectronics from Glasgow University, Glasgow, U.K., the M.Sc.
degree in information systems from Robert Gordon University, Aberdeen,
U.K., and the M.Sc. degree in photonics and optoelectronic devices from St.
Andrews University, St. Andrews, U.K., in 1998, 2000, and 2005, respectively.
She is currently pursuing the Ph.D. degree with the Institute of Photonics,
University of Strathclyde, Glasgow.
Her current research interests include GaInNAs optically pumped semi-
conductor disk lasers operating in the near-infrared, applied to pump other
doped-dielectric laser systems, and frequency-doubled to reach the visible
spectral range.
Stephane Calvez (M’05) received the Graduate degree in optics and optoelec-
tronics from Ecole Nationale Supérieure de Physique de Marseille, Marseille,
France, in 1998, and the Ph.D. degree from Université de Franche Comté,
Besançon, France, in 2002, for his work on tunability and mode-locking of
fiber lasers for telecommunications using integrated LiNbO3 components.
He is currently an Associate Team Leader (Full Lecturer equivalent)
with the Institute of Photonics, University of Strathclyde, Glasgow, U.K.
His work includes investigations of diode-pumped semiconductor disk lasers,
semiconductor saturable absorbers, and waveguide components. His current
research interests include semiconductor devices and technologies for solid-
state lasers.
Dr. Calvez served as the Chair of the Scottish Chapter of the IEEE
Photonics Society from 2007 to 2010 and the Vice Chair from 2005 to 2007.
